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O
ver the past decade, the large-scale development and
application of magnesium alloys have been greatly
stimulated by the demand for lightweight and environment-
friendly materials in the automotive industry [1-4].  Most
commercial casting magnesium alloys are mainly Mg-Al
alloys, such as AZ91D, AM60B, AM50A, AE42, and AS21
alloys. Since AZ91D, AM60B and AM50A alloys contain
relatively high Al content they offer a good combination of
mechanical properties, corrosion resistance and castability.
However, they cannot be used in an environment with a
temperature above 125 ņ, such as a power-train system, due
to the poor creep resistance.  Since AE42 and AS21 alloys
contain relatively lower Al content and RE or Si elements the
creep resistance is enhanced remarkably.  But they cannot be
used in a power-train system due to the poor corrosion
resistance and castability [5, 6]. With a view to the alloy cost,
the optimum design of magnesium alloys has been focused
on Mg-Al or Mg-Zn alloys, which also have additions of
micro-alloying elements such as Mn, Si, Ca, Sr and RE with
the aim of improving the combination of mechanical properties,
corrosion resistance and castability [6, 7].
Casting defects including segregation, shrinkage cavity and
hot cracking are prone to form during the solidification of
Mg-Al alloys due to the wide freezing range [8]. These defects
will affect the production of high-performance magnesium
alloy components, thus impeding the process of
industrialization of magnesium alloys. Presently, the influence
of Al element on the properties of Mg-Al alloys is not fully
understood.  Therefore, the effects of different amounts of Al
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addition, ranging from 1 % to 9 %, on the grain size, dendrite
size, morphology of eutectic microstructure, hot cracking
susceptibility, and matrix micro-hardness of Mg-Al binary
alloys were investigated. The aim of this work is to assist in
better understanding the solidification behavior and formation
mechanism of casting defects in Mg-Al alloys.
1 Experimental procedure
Mg-Al binary alloys containing different amounts of added Al
were prepared using commercial pure magnesium (99.8 %) and
commercial pure  aluminum (99.9 %), the chemical
compositions of which are shown in Table 1. The alloys were
melted using a low-carbon steel crucible, with a capacity of
12 kg, in an electrical resistance furnace under the protection
of RJ-1 flux. The melt temperature was fixed at 750 ņ.  When
the melt temperature reached 750ņ different amounts of pure
Al, ranging from 1 % to 9 %, were added. Then the melt was
stirred for 2 min and held at 750ņ for 10 min to make sure
that the Al was completely dissolved.  Finally the melt was
cast into a Φ 30 mm ġ 50 mm sand mold, or a permanent
mold for the hot cracking test. Before casting, the permanent
mold temperature was kept at about 300 ņ. The schematic
representation of the hot cracking permanent mold is shown
in Fig.1.The metallographic samples were sectioned at a
distance of 25 mm from the bottom of each sand-cast sample,
and then subjected to a solution treatment at 415ņ for 14 h,
polishing, and etching. The average grain size of each sample
was measured following the Heyn Lineal Intercept Procedure
described in ASTM E112-95 specification. The morphologies
of α-Mg dendrites in the hot cracking fractographs with a
diameter of 8 mm and the eutectic microstructure of sand-cast
samples were examined by using a CSM-950 scanning electron
microscope. The hot cracking resistance property of the Mg-
Al binary alloys was evaluated using the critical diameter
Abstract: The effects of different amounts of added Al, ranging from 1 % to 9 %, on the microstructure
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method. The hot cracking grade was determined as the square
of the maximum value of bar diameter at which the hot cracks
occurred. The values of hot cracking grade presented in this
paper were the average values of three groups of results
obtained. The higher the value of the hot cracking grade, the
worse the hot cracking resistance property of the alloy. The
micro-hardness of the α-Mg matrix of Mg-Al binary alloys was
measured using an MH-3 micro-hardness instrument. The applied
load was 50 g, the applied speed was 50 mm/s and the applied time
was 5 s.
Fig. 1 Schematic representation of hot cracking
          permanent mold
2 Results and discussion
(a) Average grain size of Mg-Al binary alloys
Figure 2 shows the influence of different amounts of added Al on
the average grain size of Mg-Al binary alloys. Figure 3 illustrates
the grain structures of Mg-Al binary alloys. As the grains of pure
Mg, Mg-1%Al and Mg-3%Al are relatively coarse, the photographs
of these alloys were taken at low magnification. As the grains of
Mg-Al binary alloys with added Al ranging from 5 % to 9 % are
relatively fine, the photographs of these alloys were taken using
the metallographic microscope. It can be seen that pure Mg consists
of well-developed columnar grains and few equiaxial grains at the
center under the condition of solidification in the sand mold. After
adding 1% of Al, the columnar zone dwindles, while the equiaxial
zone enlarges. Further addition of Al to 3% leads to the grains
being all equiaxial grains. The average grain size of Mg-1%Al
alloy is 3 097 µm. When the amount of added Al increases to 5%,
the average grain size decreases dramatically to 151 µm.  Further
addition of Al to 9% makes the grain size decrease slowly to
111 µm. These results are similar to those reported by Lee [9].
When pure Mg is cast in the mold, the cooling rate of magnesium
melt in contact with the mold is the fastest.  As a result, the grains
firstly nucleate on the mold wall, and then grow along the mold
wall where the degree of super-cooling is the greatest. After the
crystal nuclei meet and form the smooth solidification interface,
they begin to grow towards the residual melt. Since there is no
solute released during the solidification of pure Mg, the
solidification interface remains growing at the planar interface and
forms a columnar zone. A few equiaxial grains are formed at the
center of the pure Mg by crystal nuclei separated from the mold
wall before the formation of the stable solidification shell. When
pure Al is added to pure Mg, the crystal nuclei which form on the
mold wall firstly grow along the mold wall. The enrichment of Al
solute at the interface between the mold wall and the surface of a
crystal nucleus leads to the necking at the root of the crystal nucleus,
and makes the crystal nucleus separate from the mold wall. With
an increase in the amount of added Al, the enrichment of Al solute
increases, thus increasing the amount of crystal nuclei separating
from the mold wall. In addition, according to the Mg-Al binary
alloy phase diagram [10], α-Mg dendrite precipitates first during
the solidification process, and then expels the redundant Al solute.
The Al solute does not diffuse completely in the melt, and builds
up the solute-rich layer in front of the solidification interface,
resulting in the decline of the solidification temperature of the melt
in front of the solidification interface.  Furthermore, the precipitation
of α-Mg dendrites also releases latent heat, which causes an increase
of the melt temperature ahead of the solidification interface. It
decreases the degree of super-cooling, and suppresses the growth
of α-Mg dendrites, leading to the grain refinement [11].
(b) Size and morphology of a-Mg dendrite of
      Mg-Al binary alloys
Presently, there is little literature regarding the investigation of α-
Fig. 2 Relation between average grain size and different
          amounts of added Al for Mg-Al binary alloys
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Table 1 Chemical composition of Mg-Al binary alloys, wt.%
Mg
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Alloy
Pure Mg
Mg-1%Al
Mg-3%Al
Mg-5%Al
Mg-6%Al
Mg-7%Al
Mg-9%Al
Al
0.0063
1.0900
3.0200
4.9400
5.8600
6.8500
8.7200
Zn
0.0052
0.0048
0.0031
0.0039
0.0032
0.0030
0.0030
Mn
0.0250
0.0230
0.0240
0.0210
0.0210
0.0210
0.0210
Si
0.0290
0.0270
0.0250
0.0260
0.0260
0.0260
0.0280
Fe
0.0048
0.0095
0.0120
0.0140
0.0170
0.0170
0.0210
Cu
0.0035
0.0028
0.0023
0.0023
0.0022
0.0022
0.0023
Ni
0.0007
0.0007
0.0006
0.0008
0.0008
0.0009
0.0007
Be
0.0005
0.0005
0.0005
0.0005
0.0005
0.0005
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Mg dendrite due to the difficulty in the metallographic etching
technique for Mg-Al alloys which reveals α-Mg dendrite.  In the
present work, the hot cracking fractographs are used to investigate
the size and morphology of α-Mg dendrite. It can qualitatively
analyze the evolvement rule of the size of α-Mg dendrite versus
different amounts of added Al for Mg-Al binary alloys.
Figure 4 shows the influence of different amounts of added Al on
the size of α-Mg dendrites of Mg-Al binary alloys. It can be seen
that when adding 1 % of Al to pure Mg, α-Mg dendrites convert
from a columnar structure to an equiaxial structure. Furthermore,
with an increase in the amount of added Al, α-Mg dendrites become
more developed, and the dendrite arms become finer. When adding
pure Al to pure Mg, the stable Al solute-rich layer is built up in
front of the solidification interface, and results in the formation of
a constitutional super-cooling zone, which destroys the original
planar interface and forms the dendrites [12]. With an increase in the
amount of added Al, the degree of solute enrichment increases,
and this decreases the super-cooling. As a consequence, it
suppresses the growth of α-Mg dendrites and results in the
refinement of α-Mg dendrite arms.
(a) pure Mg                                (b) Mg-1%Al                             (c) Mg-3%Al
 (d) Mg-5%Al                                 (e) Mg-6%Al                                    (f) Mg-7%Al                     (g) Mg-9%Al
Fig. 3 Photographs showing grain structures of Mg-Al binary alloys
(c) Morphology of eutectic microstructure of
      Mg-Al binary alloys
For Mg-Al alloys, when the amount of added Al exceeds 2%, a
eutectic microstructure, consisting of α-Mg and Mg17All2, will
form under the solidification conditions of normal casting
techniques [8]. There are two growth manners for this eutectic
microstructure. One is divorced growth, the other is coupled
growth. Increasing Al addition will promote coupled growth, while
increasing Zn addition or the cooling rate will promote divorced
growth [13, 14].
Figure 5 represents the morphology of the eutectic microstructure
of Mg-Al binary alloys. It can be seen that under the solidification
condition of sand casting, the eutectic microstructure increases
and takes the shape of coupled growth with the increasing  of Al
addition. When the melt temperature drops to the eutectic reaction
temperature, the inter-metallic compound Mg17Al12 precipitates
as the leading phase due to the higher melting point, and expels
redundant Mg atoms in front of the solidification interface,
providing the constitutional condition for the nucleation of α-Mg
phase. At the same time, the nucleation of α-Mg phase expels
redundant Al atoms, which provides the beneficial condition for
the growth of Mg17Al12 phase. Consequently, these two phases
grow alternately in the manner of a eutectic bridge which needs
no repeated nucleation[15]. The lamellar eutectic microstructure is
also present, as shown in Fig. 5 (b).
(a) Mg-1%Al                                  (b) Mg-5%Al                                (c) Mg-6%Al                                      (d) Mg-9%Al
Fig. 4 Size and morphology of α α α α α-Mg dendrites of Mg-Al binary alloys
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Fig. 7 Micro-hardness of the α α α α α-Mg matrix of Mg-Al
          binary alloys
Fig. 6 Hot cracking susceptibility of Mg-Al binary alloys
(d) Hot cracking susceptibility of Mg-Al binary
      alloys
Hot cracking is prone to form during the solidification of
magnesium alloys due to the wide freezing range.  With the
development of increasingly thinner and more complicated
magnesium alloy castings, hot cracking has become the bottleneck
restricting the commercialization of magnesium alloys [16].
Therefore, it is of great significance to investigate the formation
mechanism of hot cracking. It will assist in taking proper measures
to reduce or eliminate the formation of hot cracking, providing
magnesium alloy castings with high performance.
Figure 6 shows the influence of different amounts of added Al on
the hot cracking susceptibility of Mg-Al binary alloys. It can be
seen that the hot cracking susceptibility of Mg-Al binary alloys
declines with an increase in the amount of added Al, and that the
value of the hot cracking grade decreases from 219 to 55. The
causes are summarized below.
Firstly, an Al solute-rich layer is built up in front of the
solidification interface due to the solute redistribution.  This
suppresses the growth of α-Mg dendrites and leads to the grain
refinement. Grain refinement can restrain the initiation of hot cracks.
According to the physical model of deformation mechanism of
semisolid alloys proposed by Lahaie [17], the fracture strength
increases with a reduction in the grain size of the alloy with a solid
fraction of 0.99. With an increase in the amount of added Al, the
grains of Mg-Al binary alloys become finer.  This reduces the strain
imposed on the liquid film per unit volume, and increases the
fracture strain required for hot crack initiation, thus decreasing the
hot crack susceptibility.
Secondly, the Al solute-rich layer which forms in front of the
solidification interface suppresses the growth of α-Mg dendrites,
and delays the impact time of the dendrites at the later stages of
solidification. It is beneficial to keep the feeding channels open for
a longer time and enhance the inter-dendritic feeding capacity of
liquid metal.  Furthermore, with an increase in the amount of added
Al, the eutectic microstructure increases, and it grows in the manner
of coupled growth. These make the crystals grow towards the center
of the inter-dendritic channels, and allow the feeding path to remain
open longer, which is beneficial to feeding. According to the
compensation theory of solidification contraction [18], hot cracks
are unlikely to form when the inter-dendritic separation resulting
from the solidification contraction is compensated.
As mentioned above, the causes for the decline of hot cracking
susceptibility of Mg-Al binary alloys with increasing added Al are
ascribed to two points. One is that added Al refines the grains and
enhances the fracture strain.  The other is that added Al improves
the feeding capacity at the later stages of solidification.
(e) Micro-hardness of α-Mg matrix of Mg-Al
      binary alloys
Figure 7 shows the influence of different amounts of added Al on
the micro-hardness of the α-Mg matrix of Mg-Al binary alloys.
The micro-hardness of pure Mg is 36.3 HV. On adding 3 % of Al
to pure Mg, the micro-hardness of the α-Mg matrix increases
dramatically to 44.5 HV. On further addition of Al up to 9%, the
micro-hardness of the α-Mg matrix increases slowly to 50.1 HV.
The causes for the increase of the micro-hardness of the α-Mg
matrix are as follows. Firstly, the Al atoms are solubilized to the α-
Mg matrix, which has an effect of solution strengthening. Secondly,
Al addition refines the α-Mg grains and dendrite arms, which has
an effect of grain refinement strengthening.
Fig. 5 Morphology of eutectic microstructure of Mg-Al
          binary alloys
(a) Mg-3%Al                                     (b) Mg-9%Al
According to the experimental results and relevant literature,
the influence of different amounts of added Al ranging from 1 %
to 9 % on the properties of Mg-Al alloys is summarized in Fig. 8.
With an increase in the amount of added Al, the grains of Mg-Al
alloys become finer.  Based on grain refinement strengthening and
creep theories, grain refinement can enhance the yield strength and
ultimate tensile strength at room temperature, but reduces the creep
resistant property due to the increase of grain boundary sliding at
Microhardness of matrix, HV
Amount of Al addition, %
Amount of Al addition, %
HV:   15kv   20.5µ µ µ µ µm HV:   15kv   20.5µ µ µ µ µm
V
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Fig.8 Influence of different amounts of Al addition on the
         properties of Mg-Al alloys
elevated temperatures.  The refinement of α-Mg grains and
dendrites can reduce the segregation of alloying elements.  The
increase of Mg17Al12 phase can enhance the corrosion potential
and reduce the corrosion rate, thus resulting in the improvement of
corrosion resistance [19]. In addition, with an increase in the amount
of added Al, hot cracking susceptibility declines considerably, but
the amount of shrinkage cavity increases [8].
3 Conclusions
(1) When the amount of added Al is up to 5%, the grain size
of Mg-Al binary alloys decreases dramatically from 3 097 µm
to 151µm as the amount of added Al is increased. Further
addition of Al up to 9% makes the grain size decrease more
slowly to 111 µm. At the same time, the α-Mg dendrites become
more developed and finer.
(2) The causes for the refinement of the α-Mg grains and
dendrites are as follows. During the solidification process, an Al
solute-rich layer is built up in front of the solidification interface
due to the solute redistribution, resulting in the reduction of the
solidification temperature of the melt in front of the solidification
interface. The precipitation of α-Mg dendrites releases latent heat
and causes the increase of the melt temperature in front of the
solidification interface. This decreases the degree of super-
cooling, and suppresses the growth of α-Mg dendrites, leading
to the grain refinement.
(3) The hot cracking susceptibility of Mg-Al binary alloys
decreases remarkably with increasing amounts of added Al.  The
causes for the decrease are as follows.  Firstly, the Al addition
refines the grains and enhances the fracture strain.  Secondly, the
Al addition improves the feeding capacity at the later stages of
solidification.
(4) With the increase in the amount of added Al, the micro-
hardness of the α-Mg matrix increases from 36.3 HV to 50.1 HV.
The causes for the increase in the micro-hardness are ascribed to
solution strengthening caused by Al solubilized in the α-Mg matrix
and grain refinement strengthening triggered by addition of Al to
pure Mg.
References
Mordike, B L, Ebert T. Magnesium properties-applications-
potential. Materials Science and Engineering A, 2001, 302:
37-45.
Friedrich H, Schumann S. Research for a ‘new age of
magnesium’ in the automotive industry. Journal of Materials
Processing Technology, 2001, 117: 276-281.
Schumann S. and Friedrich H. Current and future use of
magnesium in the automobile industry. Materials Science Forum,
2003, 419-422: 51-56.
Kaneko T, Suzuki M.  Automotive applications of magnesium
alloys. Materials Science Forum, 2003, 419-422: 67-72.
Luo A-A. Recent magnesium alloy development for automotive
power-train applications. Materials Science Forum, 2003, 419-
422: 57-66.
Aghion E, Bronfin B, Eliezer D. The art of developing new
magnesium alloys for high temperature applications. Materials
Science Forum, 2003, 419-422: 407-417.
King J F. Development of practical high temperature magnesium
casting alloys. Magnesium alloys and their applications, Wiley-
VCH, Germany, 2000: 14-22.
Dahle A K, Lee Y C, Nave M D, et al. Development of the as-cast
microstructure in magnesium-aluminium alloys. Journal of Light
Metals, 2001, (1): 61-72.
Lee Y C, Dahle A K, St. John D H. The role of solute in grain
refinement of magnesium. Metallurgical and Materials
Transactions A, 2000, 31A (11): 2895-2906.
YU Jue-qi, YI Wen-zhi, CHEN Bang-di, et al. Phase Diagrams of
Binary Alloys. Scientific & Technical Press, Shanghai, 1987. (in
Chinese)
Ohno A. Metal Solidification. China Machine Press, Beijing, 1983.
(in Chinese)
HU Han-qi. Principles of Metal Solidification. China Machine Press,
Beijing, 2000. (in Chinese)
Nave M D, Dahle A K, St. John D H. Eutectic growth morphologies
in magnesium - aluminium alloys.  Magnesium Technology 2000,
Minerals, Metals & Materials Society, USA, 2000: 233-242.
Nave M D, Dahle A K, St. John D H. The role of zinc in the eutectic
solidification of magnesium-aluminium-zinc alloys. Magnesium
Technology 2000. The Minerals, Metals & Materials Society, USA,
2000: 243-250.
CHENG Jian-jie, YUAN Sen, WANG Wu-xiao, et al. Solidification
modes and morphology of liquid phase of semi-solid Mg alloy.
Foundry, 2005, 54 (5): 442-445. (in Chinese)
WANG Ye-shuang, WANG Qu-dong, MA Chun-jiang, et al. Hot-
tearing susceptibility of Mg-9Al-xZn-yRE alloys. The Chinese
Journal of Nonferrous Metals. 2003, 13(1): 40-45. (in Chinese)
Lahaie D J, Bouchard M. Physical modeling of the deformation
mechanisms of semisolid bodies and a mechanical criterion for
hot tearing. Metallurgical and Materials Transactions A, 2001, 32B
(8): 697-705.
WANG Ye-shuang, WANG Qu-dong, DING Wen-jiang, et al.
Research development of hot tear mechanism for cast alloys.
Special Casting & Nonferrous alloys, 2000, (2): 48-50.  (in Chinese)
Young J K, Chang D Y, Jong D L, et al.  Effect of Mg17Al12 precipitate
on corrosion behavior of AZ91D magnesium alloy. Materials
Science Forum, 2003, 419-422: 851-856.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]